Introduction
In the manufacture of cast iron, it is well known that the addition of Mn increases the hardness of cast iron; however it also decreases its toughness. In order to use steel scrap containing Mn as the raw material of cast iron, it is essential to control the concentration of Mn in cast iron and develop the neutralization treatment of Mn in the iron.
Iron obtained from the blast furnace process is added to cast iron in order to dilute the Mn concentration in it. When high manganese steel was used as a resource for cast iron, the price of the iron from the blast furnace would be an economical issue. Recently, a neutralization treatment of the manganese that decreases the embrittlement of the cast iron by promoting the precipitation of graphite was reported. 1) One of the present authors has proposed the technology to remove manganese from molten cast iron by addition of FeO. 2) However, this process is dependent on the quantity of the Mn removed from the cast iron; the concentration of Mn in the slag is 10-40 mass%. The possibility of producing Fe-based alloy by the reduction of the slag can be investigated using the activity of components of FeO-SiO 2 -MnO melt.
3) The recovery of Mn-Fe alloy from slag makes the Mn removal treatment more economically advantageous. However, in the process of producing cast iron, the amount of slag that is generated due to Mn removal treatment is small; thus, a short and simple process is desired for that kind of treatment.
In present study, the recovery of Fe-Mn alloy from the slag generated in the Mn removal treatment is investigated on the basis of the behaviors of carbon reduction of FeO-SiO 2 -MnO and FeO-SiO 2 -MnO-CaO slags at 1 723 K. Further, the improvement in the reactivity and the increase in the Mn concentration in the obtained metal are also discussed.
Experimental Procedure
A SiC electric resistance furnace connected to a PID controller with a Pt/Pt-13%Rh thermocouple was employed. The temperature of the hot zone of the furnace was maintained at 1 723Ϯ3 K.
Reagent grade Fe, Fe 2 O 3 , SiO 2 , MnO, CaCO 3 , and graphite powder were used to prepare the specimens. The particle size of the graphite powder ranged from 0.075 to 0.106 mm. CaO was prepared in advance by decomposing CaCO 3 at 1 723 K for 2 h. Fe and Fe 2 O 3 were mixed as a stoichiometric proportion of FeO, fused at 1 723 K in Fe crucible and quenched. In this study, the slag was composed of 20 mass% FeO, 50 mass% SiO 2 and 30 mass% MnO; this composition is the same as that of the slag obtained during the Mn-removal treatment of cast iron. In order to prepare a slag sample, a mixture of FeO, SiO 2 , and MnO was melted, quenched, ground and screened under 1 mm in diameter.
The FeO-SiO 2 -MnO slag, CaO and graphite powder were charged in to a graphite crucible. The weight of the graphite was set as 20 mass% of the mixture of the slag and CaO. This amount is sufficient for reducing the entire slag. At the beginning of the experiment, the crucible was sus- In the first stage, almost all the Fe was reduced from the slags, followed by the reduction of Si and Mn. Finally, Fe-Mn-Si metal was obtained as a result of the reduction treatment. The addition of CaO to the FeO-SiO 2 -MnO slag had two effects: (1) the slag viscosity decreased, thereby improving slag reactivity, and (2) the SiO 2 activity in the slag melt decreased, thereby lowering the Si content in the metal. It was confirmed that the reaction between carbon and the slag is rate limiting reaction. The contact condition between the slag and carbon has a significant influence on the slag reactivity; improvement of the contact condition leads to an increase in the slag reactivity.
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pended on top of a reaction tube. A continuous flow of Ar gas at 100 mL/min was used to exclude oxygen from the system. After flushing gas inside of the reaction tube for 30 min, the crucible was slowly lowered and placed on a support stage located in the hot zone.
After holding for 60-480 min, the specimen was withdrawn from the furnace and quenched in water. The specimen was then separated into metal, slag and graphite phases. The concentrations of Fe, Mn, Si and Ca in the slag and those of Fe, Mn and Si in the metal were determined by X-ray fluorescence analysis.
Results and Discussion

Carbon Reduction of FeO-SiO 2 -MnO Slag
Experiments involving reactions between ground FeO-SiO 2 -MnO slag and graphite powder at various reaction times were carried out at 1 723 K. The variations in the compositions of slag and metal phases are shown in Fig. 1 ; here (mass% MO x ) and [mass% M] denote the concentrations of MO x in the slag and M in metal phases, respectively. Initially, the concentration of FeO in the slag was 20 mass%; however, it was undetectable after 60 min. It is thus clear that almost all the FeO was reduced to metallic Fe within 60 min. The concentration of Fe in the metal phase was 90 mass% at 60 min. Since the amount of FeO decreased with reduction, there was an increase in the concentrations of SiO 2 and MnO after 60 min. Subsequently, MnO was reduced preferentially, which led to a decrease in the concentration of MnO and an increase in that of SiO 2 . The concentrations of Mn and Si in the metal phase increased in the time interval from 60 to 180 min; however, after 180 min, only the concentration of Si increased. After 240 min, the specimen was dispersed in the graphite powder in the form of small particles that were of approximately 1 mm in diameter. The metal and slag particles were spherical in shape and had a smooth surface, indicating that the particles were containing liquid phase at 1 723 K. It was difficult to separate phases after experiments completely, recovery ratio of each element could not be unity, and it was over 0.8.
According to the phase diagram of the FeO-SiO 2 -MnO system, 4) the initial composition of the slag was in the region of coexistence of liquid FeO-SiO 2 -MnO and solid SiO 2 ; with the reduction in FeO and MnO, the composition finally consisted of SiO 2 -MnO melt and solid SiO 2 . The composition of the slag is shown in Fig. 2 ; the solid circles denote the compositions of the total slag, and the open circles denote that of the liquid phase of the slag. The numbers represent the reaction time. The activity of SiO 2 was unity. On the basis of the activity diagram for the MnO-SiO 2 system at 1 923 K, 5, 6) the activity coefficient of MnO at 1 723 K was determined to be 0.10; this value was calculated by using the regular solution approximation.
Reduction of the molten MnO-SiO 2 slag generated Mn in the metal and solid SiO 2 phase after 60 min. The SiO 2 in the slag melt was also reduced by carbon and Si was generated in the metal phase. In the time interval from 60 to 180 min, the volume of the liquid slag phase was sufficient to ensure an increase in the concentration of Mn in the metal phase. Subsequently, the SiO 2 phase dominated the slag phase at 240 min. The reduction of Si became more active than that of Mn after 180 min, and the concentration of Si increased in the metal phase.
The oxygen partial pressure at the interface between the slag and metal phases, which varies with time during reduction, was estimated by the following method: The activity coefficients of the components in the metal phase were derived from the activity coefficients of Fe-Si, 7) Fe-Mn, 7) and Si-Mn The activities of Si and Mn in the slag phase are plotted against the oxygen partial pressure in Fig. 3 and are indicated by bold lines. The figure shows that the activity of Si in the metal phase increases with the reaction time, while that of Mn has the maximum value at 180 min.
The points of intersection of the bold and thin lines (A, B, C, D, a, b, c, and d) denote the equilibrium oxygen partial pressures of Mn and Si between the metal and slag phases. To allow reduction to progress, the actual oxygen partial pressures at the interface between both phases should be less than the value at these points of intersection.
On comparing A and a, B and b, and C and c, equilibrium oxygen partial pressures of Mn are lower than those of the Si/SiO 2 equilibrium, in the time interval from 60 to 180 min. On comparing D and d, equilibrium oxygen partial pressure of Si/SiO 2 is less than that of Mn/MnO after 240 min. These results indicate that MnO is thermodynamically more stable than SiO 2 in the time interval from 60 to 180 min, and SiO 2 is more stable than MnO at 240 min. Therefore, the variation in [M] contents in Fig. 1 cannot be explained from the viewpoint of the equilibrated oxygen partial pressure. This implies that chemical equilibrium between the slag and metal phases was not achieved in the present experiment. The reduction of SiO 2 and MnO by C takes place according to Eqs. (4) and (5) Figure 3 shows that Mn activity increases up to the equilibrium Mn value, which is considerably higher than that of Si in the initial stage of C reduction. This results in Eq. (5) proceeding at a faster rate than Eq. (4). Moreover, due to the precipitation of solid SiO 2 , the volume fraction of liquid phase in the slag decreases with increasing reduction time; therefore, after 180 min, the reduction rate of MnO in the liquid phase is slower than that of Si. This phenomenon may be responsible for the concentration change that occurs after 180 min, as shown in Fig. 1 . When the equilibrium oxygen partial pressures of Mn/(MnO), Si/(SiO 2 ), and Si/SiO 2 (s) are unequal, chemical equilibrium between the slag and metal phases is not achieved.
Carbon Reduction of FeO-SiO 2 -MnO-CaO Slag
It is well known that CaO addition to SiO 2 melt results in a significant decrease in activity of SiO 2 10) and slag viscosity 5) remarkably. In order to decrease reduction rate of Si and increase reactivity of carbon reduction of Mn, the effect of CaO addition to FeO-SiO 2 -MnO slag on the behaviors of SiO 2 and MnO reduction by C was investigated. The variation in the compositions of slag and metal phases with time are shown in Fig. 4 . The initial concentration of CaO in the slag was 29 mass%. In order to prevent the separation of the slag and metal particles in the graphite powder, the graphite powder was first charged at the bottom of the crucible and then the specimen was placed on it. Thus, the reaction proceeded more slowly than that shown in Fig. 1 . FeO was reduced within 60 min. Liquid Fe containing carbon was formed at the beginning of the reduction process, and then the Mn content in the metal increased. The concentration of Si was less than 0.5 mass%, and the presence of Ca was undetectable. The concentration of Mn and the weight of the metal phase kept increasing till the end of the experiment.
After 480 min, the slag was found to be composed of SiO 2 -MnO-CaO melt, and its composition was close to the that of liquidus saturated with CaO · SiO 2 . The activity of MnO in the SiO 2 -MnO-CaO system is known, 5) and that of measured composition at 1 923 K is 0.15. The activity of MnO at 1 723 K, obtained by using the regular solution approximation, was 0.12. This value was higher than that of SiO 2 -MnO melt saturated with SiO 2 , as described in Sec. 3.1.
Since the activity of SiO 2 in the SiO 2 -MnO-CaO system is lower and that of MnO is higher than their corresponding activities in the SiO 2 -MnO system, 5) the concentrations of Si and Mn in the metal reduced from SiO 2 -MnO-CaO slag can be similarly inferred to be lower and higher, respectively, than their corresponding concentrations in the metal reduced from the SiO 2 -MnO slag.
The change in the composition of the slag and metal phases due to the reduction of FeO-SiO 2 -MnO-37mass%CaO slag is shown in Fig. 5 . In order to increase the reactivity between the slag and carbon, they were mixed thoroughly, as in the case of the FeO-SiO 2 -MnO experiment, as shown in Fig. 1 . The increase in the Mn concentration in the metal phase was faster than that shown in Fig. 1 . The concentration of MnO decreased and that of SiO 2 increased with increasing reduction time; finally the composition of the slag approached that of a composition of luquidus saturated with 2CaO · SiO 2 . According to the activity diagram of the SiO 2 -MnO-CaO system, 5) the activities of MnO and SiO 2 at 37 % CaO are higher and lower than those at 29 % CaO in contrast, respectively. After 240 min, the reduction ratio of MnO is high (85 %) while the Si content in the metal is low (3.7 %). The results indicate that increasing activity of MnO and decreasing that of SiO 2 improved selective reduction of MnO from SiO 2 -MnO oxide.
Effect of Contact Condition between Slag and
Carbon on the Reactivity Figures 1, 3 and 4 show that the contact condition between the slag and carbon affects the reduction reactivity. Many researchers had reported carbothermic reduction of MnO such as influence of contact condition at interface, rate limiting of MnO reduction and influence of CO. [11] [12] [13] In order to estimate the effect of contact condition between slag and metal, two contact conditions: (1) the charge of the slag placed on the carbon powder and (2) the mixture of the slag with carbon are employed.
The variations in the concentration of Mn in the metal with time are shown in Fig. 6 . The solid triangles denote the result obtained with a mixture consisting of carbon and FeO-SiO 2 -MnO. The open and solid diamonds correspond to the results of the reduction of separated and mixed carbon, respectively, to FeO-SiO 2 -MnO-29mass%CaO slag. Open and solid circles represent the data points resulting from the reduction of FeO-SiO 2 -MnO-37mass%CaO slag with separated and mixed conditions, respectively. Since the reactions are faster in the case of the mixed specimen, Mn content in the metal increases more quickly in such cases. In the case of the reduction of slag containing 37 % CaO, the concentration of Mn in the metal phase increases to above 50 % within 60 min. Thus, it can be concluded that the contact condition, namely, contact area between the carbon and slag has a significant effect on the reaction rate.
Although the concentration of MnO in the FeO-SiO 2 -MnO-CaO slag was lower than that in the FeO-SiO 2 -MnO slag, the addition of CaO resulted in an increase in the activity of MnO and the volume fraction of liquid phase in the slag. Consequently, the reduction rate of MnO in the FeO-SiO 2 -MnO slag increased with increasing CaO content.
Conclusions
The favorable conditions for the production of Mn-Fe alloy from slag generated in Mn removal treatment of cast iron were examined. The following conclusions were obtained.
(1) The reduction of slag by carbon was a rate-limiting reaction; however, it was clearly observed that chemical equilibrium between the slag and metal phases was not achieved.
(2) The addition of CaO to the MnO-SiO 2 system led to an increase in the activity of MnO and a decrease in that of SiO 2 ; therefore, the concentration of Mn in the metal increased and that of Si decreased.
(3) Fe-60%Mn alloy was obtained by the carbon reduction of FeO-MnO-SiO 2 -37%CaO slag; in this, almost all the Mn was recovered from the slag.
(4) The contact condition between the carbon and slag has a significant influence on the reduction reactivity.
(5) The reactivity between the carbon and slag was improved by increasing the volume fraction of liquid phase in the slag subsequent to CaO addition; this is because the increase in the volume fraction led to an increase in the con-© 2009 ISIJ tact area between the slag and carbon.
